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We report on the scanning tunneling spectroscopy experiments on single crystals of IrTe2. A
structural supermodulation and a local density-of-states (LDOS) modulation with a wave vector
of q = 1/5×2pi/a0 (a0 is the lattice constant in the ab-plane) have been observed at 4.2K where
the sample is in the monoclinic phase. As synchronized with the supermodulation, the LDOS
spatially modulates within two energy ranges (below -200 meV and around -100 meV). We further
investigated the effect of the local perturbations including the antiphase boundaries and the twin
boundaries on the LDOS. These perturbations also modify the LDOS below -200 meV and around
-100 meV, even though the lattice distortions induced by these perturbations appear to be different
from those by the supermodulation. Our results indicating several microscopic structural effects on
the LDOS seem to offer crucial keys for the establishment of the microscopic model describing the
parent state.
I. INTRODUCTION
Materials containing transition metals are often rich in
interesting phenomena induced by the peculiar nature of
the d or f states of the transition metals. Intriguing ex-
amples are several types of charge density wave (CDW)
state in transition metal chalcogenides[1–6], electronic
liquid crystal, electronic stripe and high-temperature su-
perconductivity in Fe- and Cu-based superconductors
(SCs) [7–10]. Particularly, mysterious phenomena in Fe-
based superconductors, including the high-temperature
superconductivity and the electronic nematicity, are in-
timately tied to the Fe 3d orbital degree of freedom
and have attracted much attention in condensed matter
physics. Recently, in Ir1−xXxTe2 (X = Pt or Pd), sev-
eral similar phenomena to those observed in Fe-based SCs
have been discovered; (i) the occurrence of the structural
phase transition and the suggestion of the orbital order
in undoped parent compound of IrTe2, and (ii) the emer-
gence of the superconductivity with the chemical substi-
tution and intercalation which suppresse the structural
transition [12–14]. Due to these similarities, the under-
standing of the relation between the structural transi-
tion, orbital order and superconductivity in Ir-based SCs
would give crucial hints to uncover the long-standing is-
sues regarding the mechanism of the unconventional su-
perconductivity. As a first step, it is important to unveil
what is occurring in the parent compound of IrTe2.
Recent electron diffraction study in undoped IrTe2 in-
dicated that the diffraction peak with q=(1/5, 0, -1/5)
appears below structural transition temperature. This
suggests the existence of a structural supermodulation
with the wave vector q=(1/5, 0, -1/5). In addition to the
supermodulation, Yang et al. predicted that a charge
modulation emerges with the same period and along the
same direction as those of the supermodulation below the
structural transition temperature[13]. They have con-
cluded that the structural transition stems from the or-
bitally induced Peierls mechanism[15]. However, an op-
tical spectroscopy and ARPES studies exhibited no sig-
nature of the energy gap near EF which is hallmark of a
CDW associated with the Peierls transition[16, 17]. Ad-
ditionally, the recent band calculations have suggested
that the structural transition is driven by the crystal
field effect mainly from the Te 5p orbital splitting[14, 16].
More recently, it has been also suggested that the depoly-
merization of the polymeric Te-Te bonds is responsible
for the structural transition[18]. Thus, it has been still
controversial what is the origin of the structural transi-
tion and how the parent state is related to the super-
conductivity. These issues will be solved by the estab-
lishment of the microscopic model in the parent state,
which is difficult due to the complexity induced by the
existence of the supermodulation. Therefore, it is quite
crucial to visualize the effect of the supermodulation on
the electronic states.
In this study, we present the scanning tunneling mi-
croscopy (STM) studies on single crystals of IrTe2.
The results indicate the existence of a supermodulation
and an LDOS modulation with a wave vector of q =
1/5×2pi/a0 (a0 is the lattice constant in the ab-plane).
There are two energy ranges within which the LDOS spa-
tially varies as synchronized with the supermodulation.
Besides the supermodulation, the antiphase boundaries
and the twin boundaries also modify the LDOS below
-200 meV and around -100 meV, even though the lattice
distortions induced by these perturbations appear to be
different from those by the supermodulation. These mi-
croscopic structural effects on the LDOS may be crucial
for the establishment of the microscopic model describing
the parent state of this material.
2FIG. 1. (Color online)(a) and (b) Schematic illustrations of
the crystal structure of IrTe2 viewed from the direction per-
pendicular and parallel to the c-axis, respectively. (c) A typ-
ical STM image on the surface exposed by the cleavage at
4.2 K on a 35×17.5 nm2 field of view at the bias voltage
Vset = 200 mV and the current Iset = 300 pA. In this im-
age, white and yellow arrows represent the crystallographic
orientations of the high-temperature trigonal and the low-
temperature monoclinic phases, respectively. Yellow dashed
arrows indicate the position of the anti-phase boundary. (d)
Fourier transform image of (c). Red circles correspond to the
Fourier peaks attributed to the triangular lattice composed
of the topmost Te atoms. Red arrows indicate the spots cor-
responding to the structural supermodulation. (e) Linecut of
the FT intensity along red dashed arrow in (d).
II. EXPERIMENTAL DETAILS
Single crystals of IrTe2 used in this study were grown
by a self-flux method[13]. The structural transition tem-
perature was determined to be approximately 280 K
(heating process) by the electric transport measurements.
We used a laboratory-built cryogenic STM for our scan-
ning tunneling spectroscopy (STS) measurements. All
of the measurements were carried out at 4.2 K. Samples
were cleaved in-situ at 4.2 K. The cleavage exposes the
surface composed of the Te atoms due to the weak van
der Waals coupling between two Te layers as shown in
Fig. 1(a) and (b). An electrochemically polished Au
wire was used as an STM tip. Before proceeding to mea-
surements on a sample, we scanned on an Au thin film
(200 nm thickness) deposited on a cleaved surface of mica
to verify the quality of the STM tip. The STM topo-
graphic images were obtained in constant-current mode.
The dI/dV conductance spectra were obtained by numer-
ical differentiation of the I-V characteristics measured at
each location.
III. RESULTS AND DISCUSSION
A. Supermodulation with q = 1/5(2pi/a0)
A typical topographic image contains an approxi-
mately triangular lattice with a period of ∼ 3.9 A˚ corre-
sponding to the distance between topmost Te atoms, as
shown in Fig. 1(c) and Fig. 2(a). The structure modu-
lates periodically along one of the Ir-Te bond directions
with a wave vector of q = 1/5×2pi/a0, which is confirmed
by a Fourier transform image as shown in Fig. 1(d) and
(e). The observed supermodulation corresponds to the
projection on the c-plane [(001) plane] of the previously
observed supermodulation with the wave vector q=(1/5,
0, -1/5) [13]. In Fig. 2(b), we plotted a line profile of
the topography parallel to the monoclinic a-axis, indi-
cating that the shape of the observed supermodulation is
non-sinusoidal form as suggested by the previous TEM
measurements[18]. In this work, we choose to label the
phase of the supermodulation as φ = 0◦ (180◦) at the
trough (crest) of the supermodulation.
B. Local density of states modulation
We first focus on the energy dependence of the lo-
cal density-of-states (LDOS). Figure 2(d) and (e) show
the representative tunneling spectra exhibiting a particle-
hole asymmetry characterized by the higher conductance
in negative energy than that in positive. This particle-
hole asymmetry is qualitatively consistent with the band
calculations[13, 16, 19]. It is noted that the energy res-
olution of the spectra in Fig. 2(d) and (e) is about 20
meV. We also observed the tunneling spectra with the
higher energy resolution that is a few meV as shown in
the inset of Fig. 2(d) and did not find an decisive en-
ergy gap near Fermi energy except an irreproducible gap
structure about 10 meV occasionally observed.
To explore the effect of the supermodulation on the
electronic states, we compare the tunneling spectra taken
at the locations having different phases of the supermod-
ulation. A distinct difference between the spectra at the
crest and trough appears below -200 mV whereas no re-
markable difference is observed in the positive energy:
the conductance below -200 mV is suppressed (enhanced)
at the crest φ = 180◦ (trough φ = 0◦) of the supermod-
ulation as shown in Fig. 2(d). To reveal how the con-
ductance below -200 mV changes spatially, we plot the
conductance at -500 mV as a function of the phase as in
Fig. 2(f). There are two features in the spatial variation
of the conductance below -200 mV. First one is that the
3FIG. 2. (Color online) (a) A magnified STM image taken on the region marked by red dashed box in Fig. 1(c) (4.3 × 1.2 nm2).
Color scale and colored dashed lines represent the phase (φ) of the supermodulation, which runs along the transverse direction
in this image. Here, we define the phase (φ) as φ = 0 at the trough of the supermodulation. (b) Line profile of the topography
along red dashed arrow in (a). (c) Conductance map at -100 mV taken on the region marked by red box in Fig. 1(c). Green
dashed lines correspond to the trough of the supermodulation. (d) Black and green lines are the spectra taken at the trough
(φ = 0◦) and the crest (φ = 180◦) of the modulation, respectively. Inset indicates the representative tunneling spectrum taken
at high energy resolution (∼2 meV). (e) In this graph, the spectra taken at the two midpoints between the crest and trough
of the modulation are represented by light blue (φ = 90◦) and red (φ = 270◦) lines, respectively. In (d) and (e), the spatially
averaged tunneling spectra are shown by gray lines. (f) and (g), phase (position) dependence of the conductance at -500 mV
(f) and at 0 mV (g).
phase of the conductance modulation is completely op-
posite to that of the supermodulation. Second is abrupt
changes around φ = 90◦ and 270◦ where the topography
suddenly changes, as indicated by the arrows in Fig. 2(f).
Figure 2(e) shows the spectra taken at the two midpoints
between the crest and trough (φ = 90◦ and 270◦). The
conductances in both spectra are unchanged below -200
mV and above +100 mV. The significant difference lies
around -100 mV. The conductance modulation around
-100 mV has a relative phase difference with respect to
the conductance modulation below -200 mV as shown in
Fig. 2(g): the local maximum and minimum appear at
around 90◦ and 270◦. Thus, it is conceivable that there
are the two energy scales (below -200 meV and around
-100 meV) in which the LDOS spatially modulates with
structural change due to the supermodulation. The spa-
tial variations of the LDOS in the two energy scales are
quite different with each other.
Here we discuss the origin of the spatial variations of
the LDOS in the two energy scales. In the several previ-
ous works, it has been suggested that the distortions of
Ir-Ir, Ir-Te, intralayer Te-Te, and interlayer Te-Te bond-
ing affect the electronic structure via the orbital degree
of freedom of Ir 5d and Te 5p orbitals [13, 14, 16–21].
Particularly, recent first principle calculation based on
the new crystal symmetry determined by thorough X-ray
measurements has revealed that the LDOS (site depen-
dence of DOS) drastically varies across the supermodu-
lation. According to the calculation, the dimerization of
the two out of the five Ir atoms creates the anti-bonding
and bonding states of Ir dxy orbitals around -3 eV and +
1eV at the position of the Ir-Ir dimer. Additionally, the
energy asymmetry of the DOS within the energy range
from -500 to +500 meV is suppressed at the position
of the Ir-Ir dimer. This site dependence of the energy
asymmetry of the DOS is qualitatively consistent with
our results. If this calculation is valid, the position of
the dimer corresponds to the brightest area (around φ =
180 ◦) in our STM image of Fig. 2(a) or (f), because the
asymmetry of the tunneling spectrum is suppressed at
the crest of the supermodulation. Thus, the Ir-Ir dimer-
ization is one of possible origins of the observed dI/dV
modulation below -200 mV.
Even if we use this calculation results, we cannot
clearly explain the observed phase difference between the
dI/dV modulation below -200 and around -100 mV. One
possible origin of the observed phase difference is the
phase difference between the supermodulation in an IrTe2
layer and that in its neighboring layer. This phase dif-
ference produces a periodic modulation of the interlayer
Te-Te distance (dTe) with a different phase as that of the
supermodulation [20, 21]. Such the periodic modulation
of dTe seems to be able to modify periodically the elec-
tronic structure, following the previous suggestion that
the dTe drastically affects the electronic band dispersion
around EF [14]. If this periodic modulation of dTe really
creates the spatial variation of the LDOS, there would be
a finite phase difference between the LDOS modulations
due to the periodic modulation of dTe and due to the Ir-Ir
dimerization, because the there is a finite phase difference
between the position of the Ir-Ir dimer and the modula-
tion of dTe. Thus, it is presumable that there are two
4FIG. 3. (Color online) (a) A magnified STM image taken on the field of view indicated by yellow box in Fig. 1(c). Red solid
and opened circles correspond to the Te atoms on the APB and the nearest neighbor Te atoms, respectively. Black solid and
opened circles indicate other Te atoms not marked by red solid and opened circles. Red and yellow dashed lines display the
averaged vertical positions of the black opened and solid circles. Arrows show the shift of the Te atoms around the APB from
the averaged position. (b) Line profile of the topography along the red dashed arrow in Fig. 1(c) including the two APB
indicated by two red arrows. (c) Tunneling spectra taken at the APB (red), the trough (light blue) and the crest (light green)
of the supermodulation. The set up parameters in taking these spectra are Vset = 500 mV and Iset = 500 pA).
components governing the LDOS: (i) the Ir-Ir dimeriza-
tion, which affects mainly the energy asymmetry of the
LDOS from -500 to +500 meV, (ii) the interlayer Te-Te
distance, which governs the LDOS around -100 meV.
C. Effects of anti-phase boundary and twin
boundary on LDOS
Besides the effect of the supermodulation on the
LDOS, we also investigated the influences of the lo-
cal perturbations including antiphase boundaries (APBs)
and twin boundaries (TB) which are previously reported
[18]. As shown in Fig. 1(c), we sometimes found several
APBs at which the phase of the supermodulation varies.
In the case of Fig. 1(c) containing two APBs, the phase
shifts across these boundaries is approximately 6pi/5, as
shown in Fig. 3(a) and (b). When such APBs appear pe-
riodically, the wave vector of the supermodulation should
be incommensurate [22]. However, the wave vector mea-
sured by the previous TEM experiments[13, 18] is com-
mensurate at least their experimental accuracy. There-
fore, it is presumable that the observed APBs localize
and inhomogeneously distribute in the crystal. As shown
in Fig. 3(a), we can find slight shifts of the topmost Te
atoms along the bm-axis [vertical direction in Fig. 3(a)].
In the tunneling spectra around the APB inducing such
the lattice distortion, the conductance around -100 mV
and below -200 mV are slightly enhanced, as shown in
Fig. 3(c).
In addition to the APBs, we rarely found twin bound-
aries at which the crystal orientation changes by 60◦.
There are several types of the twin boundaries in our
crystals as shown in Fig. 4(a) and (b) where the repre-
sentative two boundaries are displayed. The height is en-
hanced (suppressed) at the boundaries in Fig. 4(a) [Fig.
4(b)]. At the boundary where some lattice distortions re-
side, the conductance suppression around -100 mV and
enhancement below -200 mV can be seen as shown in
Fig. 4(c) and (d). Thus, although the lattice distortions
induced by these perturbations seem to be different from
those by the supermodulation, LDOS in the same en-
ergy ranges respond to the distortions. Therefore, there
seems to be a similar mechanism linking between these
distortions and their effects on the LDOS.
IV. SUMMARY
In summary, we have performed the scanning tunnel-
ing spectroscopy experiments on IrTe2 at 4.2K where
the samples are in the low temperature monoclinic state.
The results indicate a structural supermodulation and an
LDOS modulation with a wave vector of q = 1/5×2pi/a0.
There are two energy ranges where the LDOS sensitively
respond to the supermodulation: (i) below -200 meV
and (ii) around -100 meV. We further investigated the
effect of local perturbations i.e. the APB and TB on
the LDOS. Even though the actual lattice distortions in-
duced by these perturbations appear to be different from
those by the supermodulation, the LDOS are also modi-
fied by these perturbations below -200 meV and around
-100 meV as seen in the supermodulation. These micro-
scopic structural effects on the LDOS seem to be crucial
5FIG. 4. (Color online) (a) and (b), Typical STM images of two types of TBs. (a) is taken on a 31 × 31 nm2 field of view at
Vset = 200 mV and Iset = 600 pA. (b) is taken on a 20 × 16.3 nm
2 field of view at Vset = 500 mV and Iset = 1 nA. Red dashed
lines correspond to the boundaries in these images. (c) A conductance map at -100 meV on the region indicated by red box in
(b). (d) Tunneling spectra taken at the boundary (red) and averaged over all region except the TB (Vset = 500 mV, Iset = 1
nA.) .
for the establishment of the microscopic model describ-
ing the parent state of this material which is necessary
to understand the relation between the parent and su-
perconducting states and to uncover the origin of the
structural transition.
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